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Abstract 

In the present paper we extend the Schwinger model of the nu- 
cleon to the inclusion of loop corrections. Starting from a chiral model 
of nucleon and delta for the mesons vr, p and Ai we extend our non- 
perturbative sefconsistent regularisation scheme to the calculation of 
the nucleon form factors. Chiral symmetry requires loops according 
to the interactions C-m^p, Cppp, Cfy^Ar, C-pA^A-i-^^'^ coupling constants 
are strictly introduced by chiral symmetry. The use of low energy 
theorems and SU(3) relations allow an otherwise parameterfree cal- 
culation of the form factors of the nucleon. 
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The determination and understanding of nucleon form factors belong 
to the fundamental problems in hadron physics. As form factors are dy- 
namical quantities they are exceptionally suited for obtaining information 
on the underlying strong interaction of the hadronic subcomponents. As 
the nucleon resp. pion are the lightest quark systems their study is of 
greatest importance. While there is already overwhelming information on 
the form factors of the proton there is upcoming information on the neu- 
tron form factors. In the present paper we are interested in a description 
of form factors at low momentum transfer i.e. < — IGeV'^. 
QCD is thought to be the correct theory of the strong forces although sev- 
eral problems related to its application remain without solution: 

• inability to solve dynamics of QCD at hadronic scales because of the 
large coupling constant. 

• natural degrees of freedom of QCD can not be directly related with 
physical observables. 

In the last decade Chiral Perturbation Theory[|I],[0] has been applied to 
many problems in nuclear systems for low-energy regime, namely nucleon- 
nucleon potential, deuteron properties, few-body forces etc. Chiral Per- 
turbation Theory combines a chiral lagrangian involving pions, nucleons 
and deltas with the underlying symmetries of QCD and a power counting 
scheme based on a natural expansion parameter where Q is the three- 
momentum of the particle and M is the nucleon mass. In this approach it 
is considered the most general lagrangian which involves pions, nucleons 
and deltas and transforms under chiral symmetry as the QCD lagrangian. 
The parameters that appear in this lagrangian have to be related to the 
measured low-energy quantities. These undetermined coefficients will be 
fixed by fitting data from low-energy processes. This approach gets in 
trouble when the enery is increased because the number of unknown pa- 
rameters grows with the order of the expansion. In the chiral perturbation 
approach, the coefficients of the lagrangian are all unknown phenomeno- 
logical parameters which have to be determined in a fit to the experiments. 
The number of unknown parameters increase rapidly with increasing pre- 
cision of the momentum expansion. 

The intention of the present work is to develop an approach within there is 
no parameters to play with. Our aim is to go beyond the perturbation ap- 
proach avoiding the introduction of new parameters each time we increase 
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the order of the expansion. A non-perturbative method is developed and 
used to take into account higher orders of the expansion. 

In the present paper we argue that a "parameter free" calculation of the 
electromagnetic and strong formfactors is possible. We mean "parameter 
free" in the following sense. Starting from an effective Lagrangian which 
has the required invariance properties,such as gauge invariance , chiral in- 
variance etc., we aim at a calculation of the currents which involves other- 
wise no additional free parameters. There should be no additional cut off 
parameters which allow us to "correct" our calculated momentum depen- 
dence of the form factors. We refine the description of refs.[^. Schwinger 
considers a model consisting of nucleon,7r, p and Ai. The mesons rho and 
Al appear as gauge particles. The difficulty in such an approach is that 
including particles n, p, Ai and one must simultaneously deal with the in- 
teractions like jCttttp, Cppp, CpT^Ai, ^pAiAi (see also Weinberg []T^], Wess and 
Zumino [ pO| ] and Gasiorowicz and Geffen [pT[]) The calculation of form 
factors therefore must include these meson-meson interactions. The con- 
sideration of these effects leads directly to the inclusion of loop corrections. 
Schwinger did not include loop corrections in his work as in a perturba- 
tion approach the loops are leading to undefined quantities. Using how- 
ever the nonperturbative and self consistent approach of ref.[^, we are 
able to include these corrections in a parameterfree way. 

We have extented the original Lagrangians of Schwinger to the inclu- 
sion of delta degrees of freedom which are known to be of considerable 
importance and have to be included when we want to compare with ex- 
periments. 

Note that the symmetries are violated only due to the finite mass of the 
mesons. The imposition of current field identity on the lagrangian relates 
the Al mass to the rho mass, i.e. tua^ = \f2mp 
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The interaction terms in the effective Lagrangian are given as follows: 



nucleon-nucleon-meson 



nucleon-delta-meson and delta-delta-meson 

UAn = -^*^TAA^a/3*^7,.755.f 

Caaa, = -'-^KrAAgaf.^^l^l^At 

t^AAp = gAAp^a'^AAgaH^^lnPv 



meson-meson-interaction 

^CttMi = -jruAigpPf, ■ X Am) 

^PPP = -gpe'^^p^df^pY^ 

jC^np = -gpe'^''n''d''TTy^ 

^pAiAi = gp{Mu X d^Ai^ - X d^Axy) 

The coupling constants are strictly related by symmetries. The values are 
based on the Goldberger-Treiman relation: fngNNTTFNNTriQ'^ = 0) = rringA 
and the KSFR formula rrip^ = 2g'^f^'^ as well as SU(3) model predictions. 
The relation of the different coupling costants are summarized in table 1. 

The electromagnetic (e.m.)isovector current plays a special role through 
the relation to the p-nucleon form factor F^^p. The form factors in turn are 
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9NNtt 


yNNn — f 


QNNp = \9p 


• iv 


QnNAi 


yNNAi — ''''AiyNNiT — ''''Ai 




CTT^"3^ — /72,. _ /72my(;4 
UnAtv — \J 2,-,-9A AV — y 25 


QNAAi 


SU(3) C/jvAAi = rUA^gNA-K = '^Ai\f^^^^jf^ 


9NAp 


su(3) ^^^A, = f (1 + = (1 + ^^.)yiV23e 


gAAn 


SU(3) f/AA. = i^TViV. = 


dAAp 


SU(3) g'AAp = gNNp = v^f^ 




SU(3) fi^AAAi - mA^g AAn - niAi 5 



Table 1: Summary of the coupling constants used in the present paper. The 
values are strictly related by symmetries and low energy theorems ( vector 
and axial vector gauge, SU(3),KSFR ,Goldberger Treiman and Weinbergs 
sum rule. The imposition of current field identity on the broken symmetry 
of the Lagrangian leads to m^i = ■\/l2)mp. /^r = 92.6 ± 0.2MeV, gA — 
1.261 ±0.004. 



defined by the current matrixelement 



<Pf\MQY'''^\P^> = 



(1) 



xHPf)Yy.Fi-^ + '-^'^''Ft^y(Pi)x 

Due to vector dominance we have the following relation between electro 
magnetic and rho form factors: 



Qiiv) 



^■y,magnetic{Q ) ~ ^pG p^magneticiQ ) 

where Ap is the p propagator. 

The axialvector form factor is given by: 



Ga^Q"^) — gA'^AiF^NAiiQ'^), 



(3) 
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where A^^ is the Ai propagator. 



In the description of the nucleon form factors we consider a one loop 
topology. The actual calculation are performed by the method of uni- 
tary transformation. This method has several advantages one of which 
is the treatment of renormalization contributions. For details see refs. 
[J6l],[^. In addition we use a nonrelativistic formulation of the effective 



Lagrangians. Off-shell effects in the form factors are neglected, as they are 
known to be small. 

Let us discuss first a system which involves only 7, N and p. The aris- 
ing meson loops to the e.m.form factor Fnnj{Q'^) include different types 
of contributions: 

i) there is a N p-loop with a coupling of the photon to the nucleon (LI), ii) 
there is a loop arising from the 7 — p interaction (Tl). iii) In addition we 
have a wavefunction reorthonormalization contribution which involves a 
simple N p-loop (R1+R2). Compare from Fig.l. 

We realize that a conventional renormalization procedure will fail to 
remove the divergencies in our loop integrations. We regularize the loop 
integral by replacing each bare vertex by the sum of all reducible higher 
order vertex corrections. Higher orders in the coupling constants are in- 
cluded in ladder approximation by retaining dressed vertices within a 
one-loop topology. 

For the p N system we end up with a condition for the 7 -nucleon form 
factor F^N-yiQ'^) as illustrated in Fig.l: 

The form factor is determined by the following equation: 

^ .^2^ ^ A,Tl{Q',Fr,Npik')FNNpik''))) 

^^^^^ > Ll{Q\ + Rl{Q\ + R2{Q\ FU^{k^)) 

(4) 

This relation tells us that starting the calculations with a form factor 
which fuUfills the above equation, the meson corrections are included in a 
one-loop topology. 

Current field identity relates this expression to the p nucleon form fac- 
tor Fnnp- We realize that the F^NpiQ'^) obeys a nonlinear equation of the 
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LI 



Tl Rl R2 



Figure 1: Illustration of the condition on the e.m. nucleon form factors. 
This relation is used to define the form factor. The black circles denote 
the e.m. nucleon form factors. The shaded circle denote the p nucleon 
form factors. Vector dominance leads to the respective equation for the p 
nucleon form factor. 



following form: 

^ .^2^ ^ ri(Q^Fv.v,(A-^)Fv,v,(A:^'))) 

(5) 

Actually for a meson baryon system of N, A, 7r,p and Ai (including the 
interactions 7nTp,7TpAi,ppp, pAiAi), one has a set of coupled integral equa- 
tions of the form equivalent to equ.(5). The F^Np form factor depends 
in the general case on all other form factors Fnnw, FnnAi ,Fnatt,Fnap, 
• ■■FaaAi. Similar relations hold for the other form factors. In general the 
form factors F depend on the form factors on other interactions F and on 
form factors belonging to the same interaction. Formally this can be writ- 
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ten as 

^NNpiQ'^) + ^7V7Vp(Q^' ^NNp^ ^NNp^ FnNtt, FnnAi, ■■, F^AAi) = 
^NNpiQ'^) + ^N^NpiQ'^' F^Np, F^^j^p, FnNtt, FnnAi, -^AAAi) = 
FnNtt{Q'^) + I^NNniQ^, -^jVWp' -^jvlfpi F^n^,, F^^Ai, -^AAAi) = 

) = (6) 

FNAniQ'^) + ^NAniQ^, -^AWp) -^^ATpJ FnNtt, F^NAi, -^AAAi) = 
FNAAiiQ"^) + ^ArAAi(Q^, F^lfp, F^lfp, Fnntt, FjsfNAi, -^AAAi) = 

where /C denotes the meson loop contributions. Here we discuss the ex- 
pressions for Dirac and Pauli form factors. Actually the system is solved 
for Fi and the magnetic form factor Gm- 

We realize that the solution of the system of coupled equations pro- 
vides a physical self-consistant regularization and gives a parameter free 
and nonperturbative solutions for the meson nucleon form factors Fa within 
a one loop ladder approach. 

The coupled system of nonlinear integral equations for the meson- 
baryon form factors are solved with an ansatz of monopol form: F{Q^)=jJ^ 
This ansatz turns out to be a very good approximation at low Q^. A 
monopol ansatz simplifies the solution of the coupled integral equations 
and is good enough for the present purposes. In many cases a parametriza- 
tion in terms of the monopol form is desired for comparison. This ap- 
proximation is also consistent with the approximations of Schwinger in 
deriving the lagrange functions. The results for the form factors are sum- 
marized in tablel. Note that for the tensor couplings constants we have 
the relation: 

(iv) _ 3 7Qg xhis is the result of self consistency and 
the condition on the form factors. Not surprising the tt turns out to give 
the most important contribution to all form factors. The contribution of 
the p is important. The contribution of Ai is generally small, however, not 
negligible for the isovector form factor. We note the similarity between the 
TT and the Ai form factor scales. A closer look at the equations for tt and 
Ai, tells us that this is an expected behaviour and reflects the relations of 
the resp. lagrangians. 

It is interesting to compare the present results with some observed 
quantities. Among the possible choices there seems one of special impor- 
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^NNtt 


1111 


SOI 


^NNAi 


4 10 


H09 




5 95 


1.170 


A A^pMagnetic 


4.410 


0.870 


A ApM'^gi'i'^tic 


4.3 


0.840 


AjvAtt 


4.00 


0.78 


AataAi 


4.10 


0.809 


AAApDirac 


4.6 


0.9 


AAApMagnetic 


4.5 


0.880 


AaAtt 


4.10 


0.809 


AaAAi 


4.20 


0.82 



Table 2: Solutions of the coupled equations for the system N, A, tt, p, Ai. 
Form factors are calculated for space-like momentum transfer. They are 
parametrized in the form: F{Q'^)= j^J^q2 - 



tance. As we have very little information on the e.m. neutron form factors 
we discuss that choice as it is in addition the most sensitive quantity. 

The neutron form factors can be expressed through measured e.m. form 
factors of the proton and the calculated isovector form factors of the nu- 
cleon. 



Gim = Gl,_,,m - {f[-\Q^) - ^.-Ff )(g^)) (7) 
GUQ') = Gl,^„,,m - {fI-\Q') + K-Ft\Q')) (8) 

These expressions are used to obtain the theoretical "Ruhrdata" for the 
neutron magnetic and electric formf actors. There are two possibilities in 
arriving at a description of the neutron form factors. One uses the widely 

discussed dipol fit iG{Q'^)Dipoie= oTTp^^+Q^) the experimental proton 
magnetic and electric formf actors. Another possibility is to use directly 
the experimental data. Both possibilities are shown in Figs.(0,|]) together 
with the most recent measurements. Concerning the proton data we use 
the Mainz analysis p7| ] of the world data. We realize that the dipol fit 
used as representative for the proton data is different for the electric and 
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magnetic neutron form factor. This is due to the smallness of the electric 
neutron form factor at low Q^. 

At momenta =0.4 GeV^ one feels already the deviation from the monopol 
form from the exact form. This is especially true for the Pauli contribution. 
The electric neutron form factor is extremely dependent on the shape of 
the isovector form factor. One realizes a much stronger dependence of the 
neutron form factors as compared to the axial form factor. While the axial 
form factor is directly given by the A\ form factor (times A^^ ) the neutron 
form factors are obtained from a difference of proton and vector form fac- 
tors. As already mentioned the axial form factor is in agreement with the 
world data in the considered momentum range. 

To summarize we have shown that the extended chiral Schwinger model 
(A, TT, p, A\, 7 ) together with the nonperturbative sefconsistent calculation 
of the mesonic loop corrections leads to an interesting description of the 
nucleon formf actors. As the calculations are obtained with no additional 
parameters, one expects a similar quality of the isoscalar current. In this 
case the model has to be extended to the inclusion of a; and as well as 
strange particles like K, A... . We expect no significant changes from the 
isoscalar contribution in the coupling to the isovector current. There is 
however, hope that an extension of the present treatment to a calculation 
of the nucleon-nucleon potential will be managable. The use of scales in 
the region of the obtained values for the meson nucleon form factors have 
already been shown to be possible. [^. 
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Figure 2: Predictions for the electric neutron form factor through the rela- 
tion to the measured electric proton form factor. Two choices are shown: 
a) The dots ("Ruhrdata") are obtained with the use of the measured 
data from the analysis of [p!7[]. b) the line shows the predictions when 
the dipole fit i.e.G^^=GDipoie, is used. ( The derivative of at = 
is: (G'^)'=0.35 ) Experimental data for the electric neutron form factor are 
from: O M.Ostrick et al^,<} D.Rohe et al[^, ^ M.Meyerhoff et aig,A 
T.Eden et fl/[g,* E.Bruins et al\^, 4 C.Herberg et al^, oo J.Becker et 
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Figure 3: Predictions for the magnetic neutron form factor through the 
relation to the measured magnetic proton form factor. Two choices are 
shown: a) The dots ("Ruhrdata") are obtained with the use of the measured 
G\.i data [0. b) the line shows the predictions when we use the dipole fit 

i.e. = G Dipole, is used. Experimental data for the magnetic neutron 
form factor are from: ©H. Anklin et fll[||l,<^P.Markowitz et flZ[|I],^H.Gao et 
flZg], AH.Anklin et <|kE.E.W.Bruins et al^] 



11 



References 

[1] Applications of Effective Chiral Lagrangians to Nuclear Physics and 
Quark Models. U. van Kolck. PhD Thesis and for example U.van 
Kolck, J.Friar and T. Goldman, Phys.Lett.B371,169 (1996) as well as 
U-G.Meissner, Phys.Reports 161,213(1988) 

[2] S. Weinberg, Physica (Amsterdam)96A, 327 (1979) 

[3] V.E. Krohn and G.R. Ringo, Phys. Rev. D8, 1305 (1973) 

[4] H.Anklin et fl/.,Phys. Lett.B 336, 313 (1994) 

[5] PMarkowitz et fl/.,Phys. Rev C 48, R5 (1993) 

[6] H.Gao et a/.,Phys. Rev C 50, R546 (1994) 

[7] H.Anklin et fl/.,Phys.RevLett.B 428, 248 (1998) 

[8] E.E.W.Bruins et fl/,Phys.RevLett,75 (1995) 

[9] E.Bruins et fl/.,Phys. Rev Lett.75, 21 (1995) 

[10] M.Ostrick et flZ.,Phys. Rev Lett.83, 276 (1999) 

[11] D.Rohe et fl/.,Phys. Rev Lett.83, 4257 (1999) 

[12] M.Meyerhoff et fl/.,Phys. Rev. Lett.B 327, 201-207 (1994) 

[13] T.Eden et fl/.,Phys. Lett.C 50, 201 (1994) 

[14] C. Herberg et al, EPJ A5,131 (1999) 

[15] J.Becker et al, EPJ A6,329 (1999) 

[16] S.Okubo, Prog. Theor. Phys. 12, 603 (1954) 

[17] Hohler et al, Nucl.Phys. B114,505(1976) 

[18] J.Schwinger, Phys.Lett.24B,473(1967)particles and sources,Gordon 
and Breach,Science Publ.NY. 

[19] S.Weinberg,Phys.RevLett.l8,188(1967) 



12 



[20] J.Wess and B.Zumino, Phys.Rev.l63,1727(1967) 

[21] S.Gasiorowicz and D.A.Gefen,Rev.of Modem Physics 41,531(1969) 

[22] M.Gari and Huyga, Z.fur Physik 277,291(1976) 

[23] D.Pliimper, J.Flender and M.F.Gari, Phys.Rev. C49,2370 (1994) 

[24] J. Flender and M.F. Gari, Phys.Rev.C51,l(1995) 



13 



